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Description 

ALTERNATING PHASE SHIFT MASK 
DESIGN FOR HIGH PERFORMANCE 

CIRCUITRY 

Background of Invention 

[0001] The present invention is directed to the manufacture of 
masks used in the lithographic production of integrated 
circuits and, in particular, to the manufacture of phase 
shifting masks (PSMs). 

[0002] As an alternative to chrome on glass (COG) masks used in 
the lithographic production of integrated circuits, alter- 
nating phase shifting masks (altPSMs) have been em- 
ployed in order to increase the resolution of the critical 
active area patterns projected. Such increased resolution 
enables smaller line widths to be exposed on the resist 
and consequently etched into or deposited on the wafer 
substrate. This is done by manipulating the electric field 
vector or phase of the energy beam, e.g., visible or ultra- 
violet light, used in the lithographic process. This phase 



variation is achieved in PSMs by modifying the length that 
a light beam travels through the mask material. By recess- 
ing the mask to an appropriate depth, light traversing the 
thinner portion of the mask and light traversing the 
thicker portion of the masks will be 180" out of phase, 
that is, their electric field vector will be of equal magni- 
tude, but point in exactly the opposite direction, so that 
any interaction between these light beams results in per- 
fect cancellation. However, since the recessed regions on 
the mask have to form closed polygons and not all edges 
of these polygons can be made to coincide with desired 
layout images, the light intensity decrease caused by 
these residual 180° phase steps leads to unwanted pat- 
terns on the wafer. These unwanted residual phase im- 
ages are erased using a second exposure, commonly us- 
ing a non-phase shifted mask. 
[0003] An electronic design automation (EDA) tool converts cir- 
cuit designs to altPSM layouts with minimal impact to lay- 
out design density or design complexity. One method of 
optimizing design of altPSMs is described in U.S. Patent 
No. 6,338,922, the disclosure of which is incorporated 
herein by reference. Other altPSM design solutions are 
disclosed in U.S. Patent Nos. 5,636,131, 5,537,648, 



5,858,580 and 6,057,063. However, these approaches do 
not take full advantage of the introduction of gridded lay- 
outs for integrated circuit designs to optimize altPSM de- 
sign efficiency and accuracy, and to improve lithographic 

performance of the resulting mask. 
Summary of Invention 

[0004] Bearing in mind the problems and deficiencies of the prior 
art, it is therefore an object of the present invention to 
provide an improved method for designing phase shifting 
masks for lithographic production of integrated circuits, 
particularly altPSMs. 

[0005] It is another object of the present invention to provide a 
method of designing altPSMs that is particularly useful for 
gridded layouts of integrated circuit designs. 

[0006] A further object of the invention is to provide a method of 
designing altPSMs that minimizes proximity effects and 
last array line effects in the translation of the integrated 
circuit design to the altPSM. 

[0007] Still other objects and advantages of the invention will in 
part be obvious and will in part be apparent from the 
specification. 

[0008] The above and other objects, which will be apparent to 
those skilled in art, are achieved in the present invention 



which is directed to a method of designing an alternating 
phase shifting masl< for projecting an image of an inte- 
grated circuit design in which there is initially provided a 
design of an integrated circuit layout having a plurality of 
essentially parallel segments of critical width. The method 
then includes creating essentially parallel alternating 
phase shifting regions aligned with the critical width seg- 
ments and extending beyond ends of at least some of the 
critical width segments, and thereafter creating an alter- 
nating phase shifting mask based on the alternating 
phase shifting regions. 

[0009] The method preferably includes enclosing the integrated 
circuit layout and the alternating phase shifting regions 
within a boundary, and extending the alternating phase 
shifting regions to an edge of the boundary. 

[0010] In another aspect, the present invention is directed to a 
method of designing an alternating phase shifting mask 
for projecting an image of an integrated circuit design in 
which there is initially provided a design of an integrated 
circuit layout having a plurality of essentially parallel seg- 
ments of critical width. The method then includes enclos- 
ing the integrated circuit layout within a boundary, ex- 
tending lengths of the critical width segments in the lay- 



out, and designating alternating pliase shifting regions 
between tlie extended critical width segments. An alter- 
nating phase shifting mask is then fabricated based on 
the designated alternating phase shifting regions. 

[001 1] Normally, centerline spacing of the plurality of critical 

width segments and the alternating phase shifting regions 
is an integer multiple of a minimum pitch. The method 
preferably includes extending to an edge of the boundary 
the lengths of the critical width segments in the layout, 
adding additional parallel lengths of critical width seg- 
ments to the design of the integrated circuit layout on at 
least one side of the plurality of critical width parallel seg- 
ments, and designating alternating phase shifting regions 
between the additional critical width segments. 

[0012] Where at least two of the critical width segments are co- 
linear, the method preferably further includes adding an 
additional length of critical width segments to connect the 
co-linear critical width segments. Where the design of the 
integrated circuit layout includes regions of non-critical 
width, the method preferably further includes removing 
from the designated alternating phase shifting regions the 
regions of non-critical width before creating the alternat- 
ing phase shifting mask. More preferably, the method fur- 



ther includes creating a secondary trim masic for tlie al- 
ternating phase shifting mask, with the trim mask having 
opaque mask regions corresponding to the extended por- 
tions of the critical width segments. 

[0013] In a further aspect, the present invention is directed to a 
program storage device readable by a machine, tangibly 
embodying a program of instructions executable by the 
machine to perform the aforementioned method steps for 
designing an alternating phase shifting mask, wherein the 
alternating phase shifting mask to be used to project an 
image of an integrated circuit design. 

[0014] In yet another aspect, the present invention is directed to 

an article of manufacture comprising a computer-usable 

medium having computer readable program code means 

embodied therein for designing an alternating phase 

shifting mask, where the alternating phase shifting mask 

is to be used to project an image of an integrated circuit 

design, and comprising computer readable program code 

means for performing the aforementioned method steps. 
Brief Description of Drawings 

[0015] The features of the invention believed to be novel and the 
elements characteristic of the invention are set forth with 
particularity in the appended claims. The figures are for 



illustration purposes only and are not drawn to scale. The 
invention itself, however, both as to organization and 
method of operation, may best be understood by refer- 
ence to the detailed description which follows taken in 
conjunction with the accompanying drawings in which: 

[001 6] Fig. 1 is a top plan view of the integrated circuit design 
segments, in a gridded layout, for which an alternating 
phase shifting mask (altPSM) is to be fabricated. 

[0017] Fig. 2 is a top plan view showing the identification and 

differentiation of critical and non-critical shapes in the in- 
tegrated circuit design of Fig. 1. 

[0018] Fig. 3 is a top plan view showing the merging of critical 
line segments in the integrated circuit design of Fig. 1. 

[0019] Fig. 4 is a top plan view showing the extension to the cell 
boundary of critical line segments of Fig. 3. 

[0020] Figs. 5 is a top plan view showing the replication of the 
topmost critical line segment of Fig. 4 up and down by 
one unit pitch. 

[0021] Fig. 6 is a top plan view showing the result of replication 
of all critical line segments of Fig. 4 up and down by one 
unit pitch. 

[0022] Fig. 7 is a top plan view of the combined image of all crit- 
ical line segments plus their replicas above and below. 



[0023] Fig. 8 is a top plan view of the phase transition grid de- 
rived from Fig. 7 by merging all the overlapping features 
and removing redundancy. 

[0024] Figs. 9 and 10 are top plan views showing the filling of the 
spaces between parallel critical line segments in Fig. 8 and 
the initial creation of designs for alternating phase shift- 
ing segments for the altPSM. 

[0025] Fig. 11 is a top plan view showing the superposition of the 
integrated circuit design of Fig. 1 over the alternating 
phase shifting segments of Fig. 10. 

[0026] Fig. 12 is a top plan view showing the removal of the non- 
critical circuit shapes of Fig. 1 from the alternating phase 
shifting segments of Fig. 10, to form the final altPSM 
mask design. 

[0027] Fig. 13 is a top plan view showing the design of the sec- 
ondary trim mask to be used in conjunction with the 
altPSM design of Fig. 12. 

[0028] Fig. 14 is a schematic view of an EDA tool or computer 
containing program code for in a program storage device 
for executing the method of designing an altPSM in accor- 
dance with the present invention. 
Detailed Description 

[0029] In describing the preferred embodiment of the present in- 



vention, reference will be made herein to Figs. 1-14 of the 
drawings in which like numerals refer to like features of 
the invention. 

[0030] In order to obtain additional benefit from the gridded na- 
ture of the integrated circuit layouts, wherein parallel lines 
are spaced at integer multiples of a fixed pitch, the 
present invention produces a highly simplified phase 
grating based on the generated grid in the absence of 
complex layout features. The altPSM design is obtained by 
aligning a grid of phase transitions to critical features of 
an integrated circuit design. The phase transition shapes 
are drawn based on a highly stylized representation of the 
original critical width circuit grid design, instead of forc- 
ing the circuit layout into a universal mask grid, as in the 
prior art. The design adapts to a local coarse grid with 
potentially multiple grids on the same mask. In particular, 
the method of designing altPSMs forms a one-di- 
mensional grid extending around the primary circuit lay- 
out shapes, creates a highly simplified phase grating de- 
sign based on the generated grid in the absence of the 
complex layout features, and creates phase and trim mask 
shapes from the simplified phase grating through simple 
Boolean operations, without tedious phase-shape 



cleanup. 

[0031] In Fig. 1, there is depicted an exemplary portion of an in- 
tegrated circuit layout design comprising segments 22, 
24, 26 and 28, which can be lines, holes or other shapes 
that need to be projected by a mask to expose and devel- 
oping the design onto a resist layer. For ease of manipu- 
lation, these integrated circuit segments are placed within 
a rectangular cell boundary 20 during the design phase. 
As shown in Fig. 2, each of the integrated circuit seg- 
ments is separated into critical and non critical portions. 
As used herein, the term critical portion refers to seg- 
ments, or portions thereof, that have a critical dimension, 
i.e., any dimension smaller than the smallest dimension 
that can be printed within a specified tolerance by a litho- 
graphic process without the need for a resolution en- 
hancement technique such as alternating phase shift mask 
lithography. Integrated circuit segment 22 it is made up of 
a critical line segment 103a and a non-critical shape seg- 
ment 30; integrated circuit segment 24 is made up of crit- 
ical line segments 104a and 105b connected by non- 
critical shape 32; integrated circuit segment 26 comprises 
only critical line segment 105a (which is co-linear width 
critical line segment 105b); and integrated circuit segment 



28 is made up of co-linear critical line segments 106a and 
106b, connected by non-critical shape 34. These critical 
line segments of the integrated circuit design have a criti- 
cal width along their lengths, are all parallel and have 
center line spacings which are an integer multiple of a 
fixed pitch p. 

[0032] Once the critical and non-critical portions of the layout 

segments are identified, the design method of the present 
invention extends the critical line segments that are co- 
linear so that they merge. In Fig. 3, a co-linear critical line 
segment 105c is added to extend and merge critical line 
segments 105a and 105b, and critical line segment 106c 
is added to extend and merge critical line segments 106a 
and 106b. In the course of merging these co-linear critical 
line segments, a portion of shape 32 is removed leaving 
remaining shape 32a, and the center portion of non- 
critical 34 is removed leaving portions 34a and 34b. To 
facilitate the creation and manipulation of the design of 
the alternating phase shifting mask of the present inven- 
tion, optionally the critical line segments may be further 
extended so that they contact an edge of cell boundary 
20. As shown in Fig. 4, a co-linear critical width segment 
103b is added to critical line segment 103a, and co-linear 



critical width segments 105d and 106d are added to criti- 
cal width segments 105b and 106b, respectively. These 
extensions to the cell boundary are preferably done only if 
the segments are in close proximity. 
[0033] The design method of the present invention also copies 
the designs of the upper- and lowermost critical line seg- 
ments, to create parallel critical line segments of at least 
the same width and length above and below the seg- 
ments, and at the same pitch or centerline spacing (or at 
an integer multiple of that pitch). In Fig. 5, there is shown 
at a spacing of pitch p the creation of critical line segment 
102a above critical line segments 103a, 103b, and a criti- 
cal line segment 104b below critical line segments 103a, 
103b. Optionally, critical line segment 101a is created at 
two times the pitch p above critical line segment 103a, 
103b. Since there is already a critical line segment at dou- 
ble the pitch below segment 103a, i.e. critical line seg- 
ments 105b and 105d, no copying there is necessary. 
Similarly, as shown in Fig. 6, lowermost critical line seg- 
ments 106a-d are copied at a spacing of pitch p to create 
critical line segment 107a equal in width and length. In 
this case, since critical line segments 105a-d already exist 
at pitch p and at least the same length above critical line 



segment 106a-d, no copying there is necessary. 

[0034] In addition to the completion of the copying of the upper- 
and lowermost critical line segments, as depicted in Fig. 6 
the method may also include the copying of each of the 
other, interior, critical line segments at a spacing of pitch 
p, so that each of the originally extended critical line seg- 
ments has above and below it a critical line segment of at 
least the same length. In the case of extended line seg- 
ments 104a-c, this shows adding to critical line segments 
103a and b above an additional co-linear segment 103c, 
so that the combined length of critical line segments 
103a-c equals the length of critical segments 104a-c. In 
the case of critical line segments 105a-d, it is necessary 
to add co-linear segment 104d to critical line segments 
104a-c above it. Thus, as shown in Fig. 6, each of the 
originally extended critical line segments now have above 
and below it a critical line segment, separated by pitch p, 
of equal length and width. 

[0035] In Fig. 7, there is shown the removal from the mask de- 
sign the remaining portions of non-critical shapes 30, 
32b, 34a and 34b, so that only critical line segments re- 
main. Fig. 7 is a top plan view of the combined image of 
all critical line segments plus their replicas above and be- 



low. In the case of the removal of non-critical shape 30, it 
is necessary to merge critical line segments 103a, b and 
103c by adding a co-linear critical line segment 103d. The 
result shown is the combined image of all critical line seg- 
ments plus their replicas above and below. By merging all 
the overlapping features and removing redundancy, each 
of the various co-linear segments are then combined into 
a single, integral critical line segment having the same 
width and combined length of the previous critical line 
segments, as shown in Fig. 8. 
[0036] In order to design the phase shifting masks segments, 
basic phase regions are formed by filling the spaces be- 
tween parallel critical line segments, as shown in Fig. 9. 
This is indicated by phase region 112 between line seg- 
ments 102 and 103, phase region 113 between line seg- 
ments 103 and 104, phase region 114 between line seg- 
ments 104 and 105, phase region 115 between line seg- 
ments 105 and 106, and phase region 116 between line 
segments 106 and 107. These phase regions have the 
length of the shorter of the combined critical line segment 
that they contact, and contact the right edge of boundary 
20. 

[0037] The piiase regions are then converted to the desired alter- 



nating phase shifting regions to provide a 180° phase shift 
to the light that will pass through the finished mask. As 
shown in Fig. 10, these alternating phase shifting regions 
have the suffixes a and b to designate the 180° differential 
in phase shifting. This phase shifting differential may be 
achieved by masks which impart to the light alternately a 
0° and 180° phase shift, a 90° and 270° phase shift, or any 
other combination that provides a 180° phase shift differ- 
ential. For example, phase shifting mask segments 112a, 
114a and 116a provide a 0° phase shift to the light, 
whereas phase shifting mask segments 113b and 115b 
provide a 180° phase shift. All of the phase shifting seg- 
ments are separated by pitch p, identical to the pitch of 
the original integrated circuit critical line segments. When 
transmitting light in a direction normal to the drawing, the 
adjacent alternating phase shifting mask segments pro- 
duce destructive interference of the light in the regions in 
which the radiation from each overlap, to produce images 
on the resist layer having the critical width of the original 
integrated circuit shape. While the width (vertical dimen- 
sion) of each of the phase shifting segments is shown as 
being equal to the spacing between adjacent edges of the 
critical line segments, the width of the phase shifting 



mask segments may be adjusted to be either larger or 
smaller, depending upon the lithographic projections re- 
quirements and the mask material constraints. 

[0038] In Fig. 11 there is shown the original integrated circuit 
shapes 22, 24, 26 and 28 overlaid over the alternating 
phase shifting regions of Fig. 10. These original layout 
shapes, along with the co-linear extensions thereof, are 
then subtracted from the phase shifting segment design 
of Fig. 10 to arrive at the final phase shifting design lay- 
out of Fig. 12. The remaining phase shifting segments 
themselves are the same, except that in phase shifting 
segment 114a, there is a space 32' corresponding to the 
shape of non-critical shape 32, and in phase shifting seg- 
ments 115b and 116a, there are cutouts 34' correspond- 
ing to the non-critical shape 34. The design of Fig. 12 is 
then used to create the altPSM to be used to project the 
images of the critical line segments in the integrated cir- 
cuit design of Fig. 1. 

[0039] In order to eliminate the projection of the extension of the 
original critical line segments. Fig. 13 depicts the configu- 
ration of the secondary trim mask to be used in conjunc- 
tion with the phase shifting mask made in accordance 
with the present invention. This secondary trim mask uti- 



lizes conventional opaque light-blocking segments, such 
as chrome on glass (COG). The blocking segments con- 
form to the extensions made to the original critical line 
segments of the integrated circuit layout. The secondary 
trim mask has a background essentially transparent to the 
light used in the lithographic exposure of the resist, and 
has the opaque chrome regions shown by shaded regions 
120 of Fig. 13. When exposed in sequence with the altPSM 
made according to the design of Fig. 12, the resulting re- 
sist layer image is the original integrated circuit design of 
Fig. 1. 

[0040] The method of the present invention for designing an al- 
ternating phase shifting mask may be implemented by a 
computer program or software incorporating the process 
steps and instructions described above in otherwise con- 
ventional program code and stored on an electronic de- 
sign automation (EDA) tool or an otherwise conventional 
program storage device. As shown in Fig. 14, the program 
code, as well as any input information required, may be 
stored in EDA tool or computer 40 on program storage 
device 42, such as a semiconductor chip, a read-only 
memory, magnetic media such as a diskette or computer 
hard drive, or optical media such as a CD or DVD ROM. 



Computer system 40 has a microprocessor 44 for reading 
and executing the stored program code in device 42 in 
the manner described above. 

[0041] Thus, the present invention tal<es full advantage of grid- 
ded layouts for integrated circuit designs to optimize 
altPSM design efficiency and accuracy, and to improve 
lithographic performance of the resulting mask by the 
imaging of largely one-dimensional phase gratings. The 
instant method of designing altPSMs minimizes both 
proximity effects through the use of largely one- 
dimensional phase shapes extending beyond the original 
circuit layout patterns, and eliminates last array line ef- 
fects through the insertion of multiple supplementary 
phase transitions. The PSM design coding is optimized as 
a result of specialization to the gridded layouts, which re- 
quire no phase clean-up. The local adaptation of the 
phase grating to the layout pitch allows for multiple 
pitches in a given technology, or on one chip layout. 

[0042] While the present invention has been particularly de- 
scribed, in conjunction with a specific preferred embodi- 
ment, it is evident that many alternatives, modifications 
and variations will be apparent to those skilled in the art 
in light of the foregoing description. It is therefore con- 



templated that the appended claims will embrace any such 
alternatives, modifications and variations as falling within 
the true scope and spirit of the present invention. 
[0043] Thus, having described the invention, what is claimed is: 



